Objectives: The imidazoquinoline family of drugs are Toll-like receptor 7/8 agonists that have previously been used in the treatment of cutaneous leishmaniasis. Because of the hydrophobic nature of imidazoquinolines, they are traditionally not administered systemically for the treatment of visceral leishmaniasis. We formulated liposomal resiquimod, an imidazoquinoline, for the systemic treatment of visceral leishmaniasis.
Introduction
There are over 30 species of Leishmania, which are the causative agent of the zoonotic disease leishmaniasis. 1 Approximately 12 million people are infected with leishmaniasis worldwide, which results in 50 000 deaths a year, a death toll for parasitic infection that is surpassed only by malaria. 2 Depending on which subspecies infects the patient, the disease can develop as cutaneous (L. major, L. tropica and L. mexicana), mucosal (L. braziliensis) or visceral leishmaniasis (VL; L. donovani and L. infantum). 3, 4 The most deadly form of the disease is the visceral form. In VL (kala-azar), L. donovani are transmitted by phlebotomine sand flies. 5 Upon introduction into the mammalian host, L. donovani is usually internalized by macrophages in the dermis, whereupon they lose their flagella and become amastigotes. L. donovani is capable of surviving in the macrophage's phagolysosome. It proliferates and eventually spreads through the vascular and lymphatic systems. A high proportion of the parasite will eventually reside in the liver, spleen and bone marrow. If left untreated, VL usually results in death.
For the last 70 years, the most common treatment for VL has been the systemic injection of antimonials such as sodium stibogluconate (SSG) or meglumine antimoniate formulations. Antimonials are highly toxic and have severe adverse side effects including pancreatitis and cardiac arrhythmia. 6 In addition, some strains of L. donovani have become resistant to antimonial therapies, requiring the development of other chemotherapeutics for VL. These therapies include the intravenous injection of liposomal amphotericin B (AmBisome) or orally administered miltefosine (Impavido, Miltex). Amphotericin B is highly toxic, requiring liposomal encapsulation for its parenteral administration. Moreover, with the increase in use of amphotericin B, there has been an emergence of drug resistance in Leishmania. 7 Miltefosine has been shown in a clinical trial to have an 82% cure rate. 8 However, it is teratogenic, which prevents its use by pregnant or potentially pregnant women. In addition, similarly to amphotericin B, there are now miltefosineresistant Leishmania strains. 9 Due to increased drug resistance and the limited application of current therapies, there is a need to develop alternative treatments for VL.
One alternative to conventional therapies, which primarily target the pathogen, is to target the host -pathogen interface. 10 By enhancing the host's immune response, the pathogen can be effectively cleared while decreasing the potential for the development of drug resistance. This strategy has been employed for treating not only typhoid fever, 11 tuberculosis 12 and fungal infections, 13 but also leishmaniasis. Prior research has shown that polysaccharides, 14 non-methylated DNA, 15 lipid A 16 and other immune adjuvants 17 have been successful in treating Leishmania infections. In particular, imiquimod, an FDA-approved Toll-like receptor (TLR) 7/8 agonist has been successful in clinical trials for cutaneous leishmaniasis. 18, 19 In addition, resiquimod (Figure 1) , an imiquimod derivative and an FDA-approved molecule for topical delivery, has also shown promise in treating cutaneous Leishmania infections. 20 Both imidazoquinolines induce interferon-a (IFN-a), interleukin-1b (IL-1b), IL-6 and tumour necrosis factor-a (TNF-a) in macrophages and monocytes. 20 Buates and Matlashewski 21 have shown that resiquimod decreases the amount of intracellular Leishmania by inducing the production of nitric oxide yet has no direct effect on the parasite.
Recently, our group, as a proof of principle, encapsulated resiquimod in a polymeric drug delivery vehicle because the hydrophobic nature of resiquimod limits its parenteral use in vivo. 22 The data presented in this manuscript expand on this work. We encapsulated resiquimod in a liposomal carrier for the treatment of visceral L. donovani infection. The toxicity of the formulation was measured in a cell viability assay. In addition, the efficacy of liposomal resiquimod was tested in a murine model infected with L. donovani by quantifying the parasites in the infected organs, the cytokine responses and the liver enzyme levels.
Materials and methods

Materials
All reagents were purchased and used unmodified from Sigma-Aldrich (St Louis, MO, USA) unless otherwise noted. All lipid membranes used for liposome formulation were purchased from Avanti Polar Lipids (Alabaster, Alabama, USA). Water (H 2 O) was purified using a Millipore (Billerica, MA, USA) Milli-Q Integral water purification system. Fluorescence and absorbance measurements were obtained on a Molecular Devices FlexStation 3 (Sunnyvale, CA, USA), courtesy of the Department of Chemistry and Biochemistry of the Ohio State University, USA. All reagents used for cytokine detection by ELISA were purchased from BioLegend Inc. (San Diego, CA, USA).
Animals
BALB/c mice aged 6 -8 weeks were purchased from Jackson Labs (Bar Harbor, ME, USA). Syrian Golden hamsters aged 6 -8 weeks were purchased from Harlan Labs (Indianapolis, IN, USA). All animal studies were in accordance with and approved by the Institutional Animal Care and Use Committee of the Ohio State University, USA.
Preparation of empty or resiquimod-loaded liposomes
Liposomes were formulated by addition of chloroform and methanol (9: 1 v/v) to a mixture of hydrogenated (soy)L-a-phosphatidylcholine, 1,2-distearoyl-sn-glycero-3-[phospho-rac-(1-glycerol)], cholesterol (ovine wool) and D-a-tocopherol (Acros Organics, Morris Plains, NJ, USA), either with or without resiquimod (Enzo Life Sciences, Farmingdale, NY, USA). The lipid solution was rotary-evaporated with a Buchi R-200 rotary evaporator (New Castle, DE, USA) and a Buchi B-490 water bath set at 608C. Lipids were reconstituted in H 2 O for 30 min in a 608C water bath. Liposomes were freeze-thawed three times, followed by extrusion through an Avanti Mini-Extruder/Heating Block with an 80 nm polycarbonate membrane and filter supports (Alabaster, AL, USA) 11 times and then passed through a disposable PD-10 column (GE Healthcare, Pataskala, OH, USA). Sucrose was added to the liposomes (150 wt %) followed by lyophilization.
Determining size and encapsulated resiquimod in liposomes
Liposome size was determined by dynamic light scatter (DLS). Liposomes were suspended in H 2 O and sizing was performed using a NiComp Submicron Particle Sizer Model 370 (Santa Barbara, CA, USA) courtesy of Dr Robert Lee, College of Pharmacy, Ohio State University, USA. Encapsulation of resiquimod was determined by dissolving three sets of empty and resiquimod-loaded liposomes in ethanol (1 mg/mL) and placing the solution into the wells of a solvent-resistant 96-well plate in triplicate. A calibration curve containing resiquimod dissolved in ethanol was added to the plate. The plate was read at excitation 260 nm and emission 360 nm. The fluorescence readings for empty liposomes were subtracted from those of resiquimod-loaded liposomes and encapsulation was determined by comparison of the fluorescence readout with the calibration curve.
Infection and treatment protocol
L. donovani (Lv82 strain) was grown and maintained in Syrian Golden hamsters. BALB/c mice were infected with 1×10 7 amastigotes by tail vein injection. Mice were treated 2 weeks post-infection with 100 mL of tail vein injections of empty liposomes, resiquimod-loaded liposomes (7.6 mg of resiquimod per mouse) or SSG (500 mg/kg) (Albert David Ltd, Kolkata, India). Mice were sacrificed and analysed 2 weeks post-injection.
Histology and L. donovani units (LDUs) in treated mice
Parasite loads in the spleen and liver were quantified as previously described. 23 Briefly, the liver and spleen smears were stained using Giemsa (Thermo Fisher Scientific, Waltham, MA, USA) and parasite loads were quantified microscopically. LDUs were calculated as the number of amastigotes per 500 nuclei multiplied by the weight (mg) of the liver or spleen. Parasite load counts in bone marrow were performed as previously described. 24 Briefly, bone marrow was removed from the femurs of BALB/c mice. Smears of the bone marrow were stained with Giemsa and bone Liposomal resiquimod treatment 169 JAC marrow LDUs were quantified as for spleen and liver. Sections of the liver and spleen were fixed in 10% formalin for 24 h and submitted to the Histology Core at the Ohio State University for haematoxylin and eosin (H&E) staining and further histopathology. Tissue sections from the organs of L. donovani-infected mice were stained using H&E and subjected to histopathology by a pathologist. Liver granulomas were enumerated and scored as follows: (i) no reaction; (ii) developing; (iii) mature; and (iv) empty. Samples were imaged using an Olympus BX41 light microscope (Olympus, Center Valley, PA, USA).
T cell proliferation and cytokine ELISA
T cell proliferation was performed as previously described. 25 Briefly, 5×10 5 spleen cells were added in quadruplicate to the wells of sterile 96-well, flatbottom tissue culture plates and stimulated with freeze-thawed L. donovani antigen (20 mg/mL). The proliferation responses were measured by an Alamar blue assay, as previously described. 26 Supernatants were collected after 72 h of incubation at 378C and analysed for the production of IFN-g and IL-10.
Measurement of liver aminotransferase enzymes
Blood was collected in non-heparinized tubes and allowed to clot overnight at 48C. Serum was obtained and submitted to the haematology laboratory of the Ohio State University Veterinary Hospital for analysis of serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) using the Cobas C501 serum analyser (Roche, Indianapolis, IN, USA).
Cell viability
Macrophages (RAW 264.7; ATCC, Manassas, VA, USA) were grown and maintained according to the manufacturer's guidelines. Dulbecco's Modified Eagle's Medium (500 mL; Fischer, Pittsburgh, PA) was supplemented with fetal bovine serum (50 mL; Hyclone, Pittsburgh, PA, USA) and penicillinstreptomycin (10 mL; Fischer, Pittsburgh, PA, USA). Macrophages were seeded in a 96-well plate at a concentration of 5×10 4 cells/well and allowed to become confluent. After the cells had adhered, the medium was removed and replaced with medium containing free resiquimod, liposomes loaded with resiquimod (0.312% wt/wt) or empty liposomes, or medium alone. Cell viability was determined after 24 h using an MTT assay. Briefly, medium in each well was replaced with fresh medium (150 mL) and MTT solution (20 mL of 5 mg/mL solution). The plate was incubated until purple formazan crystals had formed. These were then dissolved in isopropanol. The absorbance was measured at 560 nm and a background reading was measured at 670 nm. The viability of cells treated with resiquimod, liposomal resiquimod or empty liposomes was compared with that of untreated cells.
Results
Liposomal preparation
We used lipid film hydration with extrusion to form resiquimod liposomes. As measured by DLS, the resiquimod liposomes were found to be 75.0+30.7 nm in diameter. After extrusion, liposomes were placed in a PD-10 size exclusion column to remove any non-encapsulated resiquimod. The liposomes were then lyophilized with a cryoprotectant (sucrose). The liposome yield was 60.4%, while the encapsulation efficiency of resiquimod was 7.0%, resulting in a weight loading of 1.1% drug per weight liposome.
Treatment of L. donovani infection
BALB/c mice were infected with L. donovani and treated 2 weeks post-infection with empty liposomes, resiquimod-loaded liposomes or SSG, as a positive control. Mice were sacrificed and analysed 2 weeks post-injection for L. donovani load. Figure 2(a) shows that the spleen LDUs of mice treated with liposomal resiquimod were lower than those of mice treated with empty liposomes (P ≤ 0.01). Mice treated with SSG, the current standard of treatment, had lower LDU counts than both empty liposomes (P ≤ 0.0005) and liposomes encapsulating resiquimod (P ≤ 0.003). In Figure 2 (b), it can be noted that the liver LDUs of mice treated with liposomal resiquimod were lower than those of mice given empty liposomes (P≤ 0.05). Mice treated with SSG had lower LDUs than mice treated with either empty liposomes (P ≤ 0.005) or resiquimod liposomes (P ≤ 0.03). In Figure 2 (c), the bone marrow counts of amastigotes per 200 macrophages were lower in mice receiving liposomal resiquimod than those treated with empty liposomes (P ≤ 0.05), and bone marrow amastigote counts were significantly lower in mice treated with SSG compared with empty liposomes (P ≤ 0.005) or resiquimod liposomes (P ≤ 0.03).
T cell proliferation and cytokines
Splenocytes were isolated and cultured from sacrificed BALB/c mice infected with L. donovani. The cells were pulsed with L. donovani antigens and proliferation was measured after 72 h (Figure 3 ). Mice treated with encapsulated resiquimod showed a higher level of proliferation compared with those treated with empty liposomes (P ≤ 0.01), while those treated with the positive control SSG had a higher proliferation rate than mice treated with empty liposomes (P ≤ 0.0005) and were close to showing significantly higher proliferation when compared with mice treated with resiquimod liposomes (P ≤ 0.06). IFN-g levels in mice treated with resiquimod liposomes were significantly higher than in mice treated with either empty liposomes (P ≤ 0.00005) or SSG (P ≤ 0.00005). Mice receiving resiquimod liposomes also had statistically significant increases in IL-10 production when compared with mice treated with empty liposomes (P ≤ 0.0005) or SSG (P≤ 0.005) ( Figure 4 ).
In vitro viability, histology and liver enzyme activity
RAW macrophages were cultured with various doses of resiquimod ranging from 0.04 to 5 mg/mL ( Figure 5 ). The viability of macrophages cultured with free resiquimod or liposomal resiquimod was not significantly different. Free resiquimod at 5 mg/mL showed increased proliferation over empty liposomes (P≤ 0.05). Macrophages cultured with liposomal resiquimod showed increased viability compared with empty liposomes at the two lowest concentrations, 0.07 and 0.03 mg/mL (P≤ 0.05).
An analysis of the liver enzymes ALT (Figure 6a ) and AST ( Figure 6b ) showed significantly lower levels of ALT in both the liposomal resiquimod (P ≤ 0.05) and SSG (P ≤ 0.05) groups; however, there was no significant difference in AST level between any of the groups. In addition, histology was performed on the liver and spleen and no visible differences in inflammation or toxicity were Liposomal resiquimod treatment detected between mice treated with empty liposomes or liposomes encapsulating resiquimod (data not shown).
Discussion
Immunotherapy is a potential method that could be employed for the treatment of VL. Previous research has shown that TLR agonists such as CpG can be a possible treatment for VL infections. 15 We propose the use of resiquimod, a TLR7/8 agonist, for the treatment of VL. Previous research has shown that a similar compound, imiquimod, was successful in treating cutaneous leishmaniasis. 27, 28 Unfortunately for their use via systemic administration, both imiquimod and resiquimod are highly insoluble in an aqueous environment. We hypothesized that liposomal resiquimod would allow for intravenous injection of the TLR 7/8 agonist for the treatment of VL. Liposomal encapsulation has been successful in the formulation of amphotericin B, a hydrophobic drug that is encapsulated in a liposome (AmBisome). Liposomal amphotericin B has shown decreased drug toxicity and facilitates the systemic delivery of the compound. 29 We used a similar formulation to that used for AmBisome and encapsulated resiquimod in liposomes using lipid film hydration. The lipids were sized via extrusion to form particles approximately 80 nm in diameter, which is roughly the same size as those of AmBisome. 30 This small liposomal size allows for a longer circulation time and substantial penetration into tissues such as the liver and spleen, which are sites where Leishmania resides. In addition, resiquimod-loaded liposomes would be likely to be approved for clinical use due to the similarity in formulation between our liposomes and those used in the FDA-approved AmBisome and also because of the FDA-approved status of resiquimod.
Our previous work of formulating resiquimod for in vivo applications used electrosprayed microparticles that were roughly 1 mm in diameter. 22 Unfortunately, it would be difficult using electrospray technology or emulsion chemistry to make particles roughly the same size as those of AmBisome. Prior research has shown that liposomal formulations larger than 400 nm have selective uptake in the bone marrow, 31 which can act as an important reservoir for the parasite 32 and may contribute to relapses of VL after treatment has been administered. Future work will study the effect of the size of liposomal formulations on optimizing resiquimod concentrations in the liver, spleen, and bone marrow.
In this study, liposomal resiquimod was intravenously injected into mice 2 weeks post-infection. Our results indicate that encapsulated resiquimod treatment significantly decreased the Peine et al.
number of L. donovani in the liver, spleen and bone marrow of infected mice compared with empty liposomes. As a positive control, we used a very high dose (500 mg/kg) of SSG (traditional dose ,300 mg/kg). By developing an immunotherapy that targets the host interface, we can help to circumvent the formation of drug-resistant strains. This is significant, considering that in places such as Bihar State, India, it has been reported that over 60% of patients with VL do not respond to antimonial treatments. Sane et al. 15 have shown that treating VL with both CpG and miltefosine led to a synergistic effect with respect to decreasing Leishmania load. Future experiments that co-deliver both amphotericin B and resiquimod, in liposomal forms, in the treatment of drug-resistant leishmaniasis might lead to an even a more significant reduction in parasite load.
To further characterize treatment with liposomal resiquimod, spleens from treated mice were cultured with Leishmania antigen and measured for cell proliferation and cytokine production. A slightly higher proliferation was observed when comparing the proliferation of splenocytes from resiquimod-treated mice and those given empty liposomes, but this difference was not seen with splenocytes from SSG-treated mice.
Splenocytes from mice treated with resiquimod liposomes showed a significant increase in the production of IFN-g compared with those treated with empty liposomes or SSG. Prior research has shown that systemic treatment with resiquimod enhances the production of IFN-g, which prevented and treated a T-helper 2 (TH2) allergy response. 33 Since liposomal resiquimod treatment induced a high level of IFN-g, we hypothesize that this, in part, is how resiquimod decreased Leishmania load. IFN-g has been shown to be essential in clearing VL infections since it has been reported that IFN-g knockout mice are highly susceptible to infections. 34 In addition, Scott et al. 35 have shown that mouse strains resistant to VL infection make a substantial amount of IFN-g compared with susceptible mouse strains. On the other hand, treatment with encapsulated resiquimod induced a high level of IL-10 in splenocytes isolated from treated mice. Prior research has shown that resiquimod can simultaneously induce both IFN-g and IL-10 production, 36 -38 while Boghdadi et al. 39 have shown that peripheral blood mononuclear cells from patients infected with Schistosoma mansoni make high levels of both IFN-g and IL-10 when stimulated with resiquimod. IL-10 has been linked to increased pathogenesis of VL infection since IL-10 knockout mice of both C57BL/6 and BALB/c strains are highly resistant to infections. 40 However, prior research has also shown that CpG up-regulates IL-10 production in monocytes, similar to resiquimod. 41, 42 Overall, it seems that even though treatment with resiquimod liposomes induced IL-10 in mice, the parasite load was still decreased, potentially due to the large up-regulation of IFN-g.
Our prior research has shown that resiquimod is a highly effective adjuvant in stimulating immune cells, with saturating responses in vitro at 0.1 mg/mL. 28 When cultured with liposomal resiquimod, RAW macrophages showed no difference in cell viability up to 5 mg/mL. We therefore conclude that, at the concentrations necessary to stimulate host cells, resiquimod does not affect the viabilityof macrophages. Schön et al. 43 have shown that imiquimod, but not resiquimod, induces apoptosis by the activation of caspases and Bcl-2-dependent translocation of cytochrome C. Oral resiquimod has been used in a Phase IIa clinical trial for hepatitis C treatment; no toxicity was shown in the trial and only two patients left the trial due to flu-like symptoms. 44 Our histology studies showed that there were no differences in inflammation and toxicity in mice when comparing animals treated with empty liposomes with animals treated with liposomal resiquimod. Elevated liver enzymes, such as ALT and AST, are indicative of disease and represent possible damage to the liver. 45 Although increased levels of these enzymes may represent drug compounds acting on parasites in the liver, it is generally accepted that lowered liver enzyme levels in the serum are indicative of diminished disease. 46 Our liposomal resiquimod formulation showed equal levels of ALT compared with mice treated with SSG and significantly lowered levels compared with mice treated with empty liposome. The ALT levels seen in mice treated with SSG and liposomal resiquimod were considered in the normal range for a mouse; 47 however, all groups showed higher than normal AST levels 47 and samples from mice treated with SSG or liposomal resiquimod did not differ from those of mice that received treatment with empty liposomes. Additional studies will be performed to determine whether the increased levels of AST seen in treated mice are indicative of a progression or a diminution of the disease. Interestingly, however, the liposomal resiquimod followed the same pattern of liver enzymes as the current standard for treatment, SSG.
Conclusions
Overall, we have shown liposomal resiquimod is a potential treatment for VL. Treatment with liposomal resiquimod lowered the parasite load of Leishmania in the liver, spleen and bone marrow of mice infected with L. donovani. Furthermore, resiquimod induced the production of IFN-g and IL-10 in splenocytes isolated from infected mice, with antigen recall. In vitro testing reported no noticeable toxicity, and levels of the liver enzyme ALT were decreased in mice treated with both resiquimod liposomes and SSG compared with mice treated with empty liposomes. The enzyme levels show decreased liver damage, probably due to lowered parasite levels, and the similar levels seen in mice treated with resiquimod liposomes and SSG indicate that the liposomal resiquimod formulation has low in vivo liver toxicity. Future work will be performed to explore in depth the systemic cytokines that are released during liposomal resiquimod treatment.
